Cryptophytes are unicellular photosynthetic algae that use a lumenally located light-harvesting system, which is distinct from the phycobilisome structure found in cyanobacteria and red algae. One of the key components of this system is water-soluble phycoerythrin (PE) 545 whose expression is enhanced by low light levels. The crystal structure of the heterodimeric ␣ 1 ␣ 2 ␤␤ PE 545 from the marine cryptophyte Rhodomonas CS24 has been determined at 1.63-Å resolution. Although the ␤-chain structure is similar to the ␣ and ␤ chains of other known phycobiliproteins, the overall structure of PE 545 is novel with the ␣ chains forming a simple extended fold with an antiparallel ␤-ribbon followed by an ␣-helix. The two doubly linked ␤50͞␤61 chromophores (one on each ␤ subunit) are in van der Waals contact, suggesting that exciton-coupling mechanisms may alter their spectral properties. Each ␣ subunit carries a covalently linked 15,16-dihydrobiliverdin chromophore that is likely to be the final energy acceptor. The architecture of the heterodimer suggests that PE 545 may dock to an acceptor protein via a deep cleft and that energy may be transferred via this intermediary protein to the reaction center.
Light-harvesting proteins increase the efficiency of photosynthetic organisms growing in low-light regimes. They act as antennae, capturing photons over a broad frequency spectrum and transferring energy to membrane-bound reaction centers (1) . In cyanobacteria and red algae, the light-harvesting phycobiliproteins (PBPs) are water soluble and organized into phycobilisomes (large, multiprotein complexes bound to the stromal face of the thylakoids). Individual PBPs and phycobilisomes have been studied by x-ray crystallography (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and electron microscopy (12, 13) as well as biochemically (14) . The individual proteins are structurally conserved with a basic ␣␤ unit (referred to by convention as monomer) arranged around a 3-fold axis forming an (␣␤) 3 trimer. Cryptophyte algae also use PBPs to harvest light but these differ from those of the cyanobacteria and red algae in several significant ways (15) . In any one species, there is only one type of PBP, either phycocyanin (PC) or phycoerythrin (PE); allophycocyanin is never present. The PC or PE is not organized into a phycobilisome but is instead located in the thylakoid lumen (16) (17) (18) . Although the ␤ subunits of cryptophyte PBPs share a high degree of sequence identity with both the ␣ and ␤ subunits of cyanobacterial and red algal PBPs (19) , the ␣ subunits are shorter, unrelated to other proteins in the sequence databases and carry a single, spectroscopically distinct bilin chromophore (20, 21) . Structurally, they also differ in being ␣ 1 ␣ 2 ␤␤ dimers rather than (␣␤) 3 trimers. We report here the structure at 1.63 Å of PE 545 from the marine cryptophyte Rhodomonas (formerly Chroomonas) CS24.
METHODS
Protein Preparation and Crystallization. PE 545 was purified (22) from Rhodomonas CS24 (Commonwealth Scientific and Industrial Research Organization, Division of Fisheries, Hobart, Australia) with additional ion exchange (POROS 20HQ) and size exclusion (BioSep-SEC-S1000) chromatography. Both columns were equilibrated in 50 mM Mes, pH 6.5 with 0.5 mM NaN 3 . PE 545 was eluted from the ion exchange column by using a 0-1 M NaCl gradient. Crystals of PE 545 grew readily over a range of conditions with polyethylene glycol (PEG) as the precipitant (compare with PE 545 from Rhodomonas lens; ref. 23 ). Single crystals (1 ϫ 0.5 ϫ 0.5 mm 3 ) of space group P2 1 2 1 2 1 with lattice dimensions of 63.3 Å ϫ 83.8 Å ϫ 90.7 Å were grown by sitting drop vapor diffusion. The crystallization solution contained 20% PEG 4K, 100 mM MgCl 2 , 50 mM LiCl, and 50 mM Tris at pH 8.5. Five microliters of 20 mg ml Ϫ1 PE 545 in 50 mM Mes, pH 6.5 was mixed with 5 l of reservoir solution and equilibrated at room temperature. Crystals appeared within 2 weeks.
Data Collection and Structure Determination. Diffraction data were collected on a Macscience (Nonius BV, Delft The Netherlands) DIP2030 imaging plate detector mounted on a Nonius Cu rotating anode generator with focusing mirrors. Crystals were flash-frozen in a stream of nitrogen at 100 K after soaking in a cryoprotection buffer. Data were processed by using the programs DENZO and SCALEPACK (24) . Initial phases were determined by using the ␤ subunits of the phycobilisome PE from Polysiphonica urceolata (1LIA; ref. 10) as a molecular replacement probe. Rotation and translation functions calculated by using the CCP4 (25) program AMORE (26) gave two strong solutions, which were consistent with the solution to the self-rotation function. These models provided approximately 40% of the scattering mass. A free atom refinement approach was used to improve the phases (implemented by using the program ARP; ref. 27) . A set of atoms was added to the model, and all atoms were refined by ARP. At the end of a cycle, all atoms were tested for correlation to the electron density, and atoms with poor correlations were rejected. The top 100 peaks containing no atoms were assigned atoms. The refinement cycle then was repeated and the whole process continued until convergence. The final map showed readily interpretable electron density for the two ␣ subunits and the chromophores that were not included in the initial phasing model. The model was built by using the program O (28) and refined by maximum-likelihood methods using the CCP4 (25) program REFMAC (29) . All expected protein residues are in unambiguous electron density with the exception of the N terminus of ␤ subunit C where clear density for residues 1, 2, and 10-15 was absent. (We have labeled the ␤ subunits C and D, indicating that they are intimately linked to the ␣ 1 and the ␣ 2 subunits to form the two ␣␤ monomers, respectively.) The final model (which excluded residues 1, 2, and 10-15 of ␤ subunit C) gave an R factor of 0.15 with an R free of 0.19. Table 1 presents the data reduction and refinement statistics. The model shows high stereochemical quality with the only outlier on the Ramachandran plot being Thr-75 in both ␤ subunits. The unusual geometry of Thr-75 is common to all PBPs (2-10).
Energy Transfer Parameters. Energy transfer rates, k et , for chromophore pairs were calculated by using the Förster equation (30) where chromophore separations and orientation factors were determined as per PBPs (9) by using a Förster distance of 50 Å and a fluorescence lifetime of 2.7 ns for all chromophores.
RESULTS
Structure. The PE 545 ␣ 1 ␣ 2 ␤␤ dimer forms a boat-shaped molecule (approximately 75 Å ϫ 60 Å ϫ 40 Å). A C ␣ tracing of the dimer, which forms the asymmetric unit of our crystal form, is shown in Fig. 1A . The ␤ subunits are similar to each other and both ␣ and ␤ subunits of the PBPs (2-10), forming part of the globin family of protein structures (Fig. 2A) . The major differences between the two ␤ subunits, and among the members of PBP family, are in the N-terminal regions, including helices X and Y that are separate from the main body, and in the GH loop (2-10). Least-squares alignment of the two PE 545 ␤ subunits gives a rms deviation D of 0.6 Å (over 161 C ␣ atoms) compared with 0.7 and 0.8 Å for the two ␤ subunits (C over 144 and D over 140 C ␣ atoms, respectively) aligned to the phycobilisome PE ␤ subunit (10) .
The ␣ subunits consist of an antiparallel ␤-ribbon followed by an ␣-helix ( Figs. 1 and 2 ). Each ␣ subunit is extended along its respective ␤ subunit. The ␣ subunits are not identical as expected from previously determined sequence differences (22, 31, 32) . We observe two ␣ subunits, ␣ 1 and ␣ 2 , respectively (Figs. 1 and 2) with the major sequence and structural differences residing in the C-terminal regions; ␣ 1 is longer than ␣ 2 (76 versus 67 residues) and the C-terminal extension of ␣ 1 is important in chromophore binding (Fig. 3A) . The C-terminal helix in the ␣ 2 subunit is longer than that in ␣ 1 (Fig. 2D ). Both ␣ subunit C termini are approximately in the same position with respect to their ␤ subunits. Our electron density maps (1999) show no evidence for the reported heterogeneity in cryptophyte dimers caused by the ␣ subunits (22, 32, 33) . A unique feature of our PE 545 structure is the presence of a ␤-sheet, as all other structures of PBPs are devoid of ␤-sheet structure (2-10) with the exception of the linker polypeptide (11) . In our dimer, there are two nearly identical ␤-sheets, each composed of two strands from an ␣ subunit plus one strand from its partner ␤ subunit. The portion of the ␤ subunit that forms the third ␤-strand is part of the N-terminal extension of the standard globin fold.
Two ions were clearly identified in the structure. The electron density for a Mg 2ϩ ion octahedrally coordinated by six water molecules was observed at the C terminus of the ␣-helix in the ␣ 1 subunit. The electron density, coordination geometry, and correlation between the B factors of the ion and its oxygen ligands support our assignment. A second ion was identified as a Cl Ϫ ion (Fig. 3A) , which coordinated one of the pyrrole nitrogens in the ␤50͞␤61 chromophore in ␤ subunit D. The coordination shell of the Cl Ϫ is completed by the OH of Ser-147 and the side chain NH of Gln-148 from the GH loop of ␤ subunit D, as well as a water ligand (Fig. 3A) . This Cl Ϫ ion was identified by the fact that it showed extra electron density in difference maps and its B factor dropped to 2 Å 2 during each refinement cycle (compared to Ͼ 5 Å 2 for typical water molecules). In addition, it gave a 7-peak in an anomalous Fourier map. We note that both of these ions could result simply from the 0.1 M MgCl 2 present in the crystallization solution.
Two posttranslationally modified residues per monomer were identified in the electron density map. As expected, residue 72 in the ␤ subunit is a ␥-N-methylasparagine, a modification conserved in most PBPs (34) . Lys-4 in both ␣ subunits also appears to be modified, with the electron density and chemical environment being consistent with 5-hydroxylysine. Both modified residues are in the vicinity of the ␤82 chromophore (Fig. 3B) .
Quaternary Structure. The PE 545 dimer is formed by the association of two tightly linked ␣␤ monomers (Fig. 1 A) . Within the monomer, the ␣ chain makes intimate contacts with the ␤ chain via the formation of the ␤-sheet and via the packing of the ␣ chain helix against helices B and E of the ␤ subunit. The formation of the ␣ 1 ␤ and ␣ 2 ␤ monomers results in the burial of 4,900 Å 2 and 4,300 Å 2 of accessible surface area (35) , respectively. The assembly of the two monomers into the dimer results in the burial of an additional 4,000 Å 2 of accessible surface area and is commensurate with the stability of the dimer (36) . We note that the computed buried accessible surface area on dimer formation is an overestimate because of the difficulties posed by the presence of a deep polar slot.
The interface between the two ␣␤ monomers is unusual in that it is very polar and highly solvated (hence the high proportion of ordered water molecules, Table 1 ). Intimate contacts between the monomers primarily are formed in the vicinity of the ␣19 chromophores and the ␤50͞␤61 chromophores, the latter being in van der Waals contact at the interface between monomers (Fig. 3A) . Almost all proteinprotein contacts between the two monomers are mediated through the ␣ subunits, and the only contact between the two ␤ subunits is in the vicinity of the two ␤50͞␤61 chromophores. Polar Slot. A striking feature of the dimer is the cavity filled with ordered water molecules that forms a slot between the two monomers ( Fig. 1 B and C) . The slot enters the dimer parallel to the pseudo 2-fold axis relating the two monomers. The slot is approximately 15 Å deep and 20 Å long while its width varies from 5 to 10 Å. Its shape is asymmetric because of the sequence differences between the C-terminal helices of the ␣ subunits. In particular, the C-terminal helix of the ␣ 2 subunit presents a flat face to the slot because of the presence of Gly-52, Gly-56, Ala-59, and Ala-63. There are continuous chains of hydrogen-bonded water molecules that pass all the way through the dimer (Fig. 1C) . The slot is reminiscent of a docking site for a peptide or other medium-sized molecule that may interact with PE 545. Comparison to Phycobilisome Proteins. We have overlayed the PE 545 ␣ 1 ␣ 2 ␤␤ dimer on the (␣␤) 6 hexamer structure that forms the basis of the phycobilisome (3). The overlay of the PE 545 ␤ subunit with the phycobilisome ␤ subunit results in overwhelming steric clashes between the PE 545 dimer and the hexamer. Overlaying the PE 545 ␤ subunit with the phycobilisome ␣ subunit results in minimal clashes between the PE 545 dimer and the phycobilisome hexamer. We conclude that the subunit interactions within the PE 545 dimer is unlikely to participate in a higher-order aggregate that resembles the phycobilisome structure.
Recently, the structure of a PBP has been determined that includes the linker polypeptide L C 7.8 , which is one of the proteins responsible for the strict sequential assembly of the phycobilisomes (11) . Like the ␣ subunit of PE 545, the linker polypeptide is small (67 residues) and unlikely to have a FIG. 3. Representative chromophore sites for PE 545. The subunits are color-coded with ␣1 red, ␣2 green, ␤ subunit C gold, and ␤ subunit D magenta. (A) A stereo view of the two ␤50͞␤61 chromophores looking down the pseudo 2-fold axis. The two chromophores lie along their respective B helices. Pyrrole ring A of each chromophore is in van der Waals contact with its opposite. In each chromophore, the pyrrole nitrogen of the A ring is coordinated by a negative charge. In one case, it is Asp-69 form the ␣1 chromophore; in the other case, it is a Cl Ϫ ion (red sphere). There is an asymmetric arrangement of protein loops interacting with these chromophores. On the lower right, the loop linking helices G and H (gold) interacts with the two chromophores; on the upper left, the loop extending from the C terminus of the ␣1 subunit (red) has displaced the ␤ G-H subunit loop and it interacts with the chromophores. (B) The ␤82 chromophore that is wrapped around helix E (upper right). It interacts with a cluster of residues that are highly conserved in the PBPs (Cys-82, Arg-84, Asp-85, and Tyr-117). Two posttranslationally modified residues [N-methylasparagine 72 (Me_N) and 5-hydroxylysine 4 (OH_K)] are proximal to this chromophore. (C) The ␤158 chromophore is covalently attached to Cys-158 on helix H while being wrapped around helix A (center left). (D) The ␣119 chromophore is at the junction of all four protein chains (as is the ␣219 chromophore). The nitrogen atoms of the two central pyrrole rings are coordinated by a water molecule (red sphere). This is hydrogen-bonded to His-16 and another water molecule (not shown). Glu-25 coordinates the nitrogen atom of pyrrole ring D. The ␣19 chromophores differ from the ␤ chromophores in that pyrrole A has been oxidized so that all atoms attached to it are coplanar with the ring (bottom). (E) The chemical structures of the three types of chromophores observed in the PE 545 structure. (Top) The standard PE chromophore as per ␤82 and ␤158; (Middle) the doubly linked ␤50͞␤61 chromophore; and (Bottom) the ␣19 DBV chromophore. It differs from the PE chromophores in that the A pyrrole ring is fully conjugated. In each schematic, the pyrrole rings are A, B, C, and D, from left to right. (1999) tertiary structure in the absence of interactions with the PBPs (11). L C 7.8 bears an uncanny resemblance to the PE 545 ␣ subunit as it consists of a three-stranded ␤-sheet plus an ␣-helix. However, the architectures of the PE 545 ␣ subunit and L C 7.8 are distinct and there is no apparent sequence similarity between the two, even after structural alignment of the N-terminal ␤-hairpin. The interactions between L C 7.8 and its PBPs are different from the interactions between the PE 545 subunits.
Chromophores. Three chromophores are linked to each ␤ subunit whereas one chromophore is linked to each ␣ subunit. The three ␤ subunit chromophores, ␤50͞␤61, ␤82, and ␤158, are phycoerythrobilins (PEBs; Fig. 3E ). Each has an aspartic acid side chain coordinating the nitrogen atoms of the central two pyrrole rings. The acidic coordination is observed in all other reported PBP structures (2-10).
The ␤82 chromophore, which is common to all PBPs, is located in a pocket formed by helices E and FЈ (heme pocket in globins; ref. 2) and the N terminus of the ␣ subunit (Fig. 3B) . Asp-85, which coordinates the central pyrrole nitrogens, is salt-linked to Arg-84, which also is linked to the propionate attached to the C ring of the chromophore. These residues are conserved in more than 90% of PBPs. Note the presence of the two modified amino acids in the vicinity of the chromophore (Fig. 3B) . In a similar fashion, the ␤158 chromophore is attached to the loop linking helices G and H (Fig. 3C) with Asp-39 coordinating the nitrogen atoms of the two central pyrroles.
The doubly linked ␤50͞␤61 chromophore is extended along the length of helix B, to which it is covalently attached by Cys-50 and Cys-61 (Fig. 3A) . The nitrogen atoms of the two central pyrroles are coordinated by the side chain of Asp-54. This chromophore differs from the other two on the ␤ subunit in at least three ways: it has two covalent linkages, the nitrogen of pyrrole A has a negatively charged ligand, and two ␤50͞␤61 chromophores are in van der Waals contact with each other across the pseudo 2-fold axis that relates the two halves of the ␣ 1 ␣ 2 ␤␤ dimer (Figs. 1 A and 3A) . Their A pyrrole rings are stacked in a staggered fashion with their conjugated rings essentially parallel to each other and in contact. Of all the chromophores in PBPs whose structures have been determined (2-10), this pair of ␤50͞␤61 chromophores is the only one in such close proximity.
On ␤ chain C, the nitrogen of pyrrole A of ␤50͞␤61 is coordinated by the side chain of Asp-69 from the ␣ 1 subunit, which is part of the same monomer (Fig. 3A) . Such a coordination is not possible for the ␤50͞␤61 chromophore attached to ␤ subunit D, because of the asymmetry in ␣ subunits. In our structure, a chloride ion is coordinating the pyrrole in place of the aspartate side chain. This need for a second negatively charged ligand on the two ␤50͞␤61 chromophores is likely to have implications for their physical state and spectroscopic properties.
The chromophores linked to the ␣ subunit are chemically distinct from the ␤ subunit PEB chromophores (Fig. 3 D and  E) . Our structure is consistent with the presence of a singly linked 15,16-dihydrobiliverdin (DBV) chromophore as determined previously by NMR and MS (21) . This chromophore differs from PEB in that pyrrole A is oxidized so that all atoms within the ring are in an sp2 state (Fig. 3 D and E) with the result that all atoms attached to pyrrole A are coplanar with the pyrrole ring.
The ligands attached to the nitrogen atoms in the ␣19 chromophore also differ from those of the ␤ subunit PEB chromophores, as nitrogen atoms in the two central pyrroles are coordinated by a water molecule (Fig. 3D) , which, in turn, is coordinated by His-16 of the respective ␣ subunit and another water molecule. Consequently, there is no negatively charged ligand at this central coordination site, distinguishing the ␣19 chromophore from all other phycobilin structures (2-10). Also, in contrast to the ␤ subunit PEB chromophores, the nitrogen atom of pyrrole D is coordinated to the side chain of Glu-25 of its respective ␣ subunit (Fig. 3D) .
The additional conjugation of the ␣19 chromophore compared with that of the PEBs alters its spectral properties, moving the absorption maximum of DBV to 562 nm (compared with 550 nm for PEB; ref. 21) . Thus, it is a likely candidate for the final photon energy acceptor in this form of PE 545 (i.e., the point at which all photon energy arrives before transfer to a chromophore of an acceptor protein). Its location near the polar slot may be of functional significance.
Implications for Light Harvesting. All the chromophores in this PE 545 structure are in close proximity (Ͻ45 Å between centers of mass of the conjugated atoms). Calculation of energy transfer parameters for all possible pairs of chromophores in the ␣ 1 ␣ 2 ␤␤ dimer, assuming Förster resonance dipole-dipole coupling, indicates that 11 of the 28 chromophore pairs have calculated transfer rates, k et , exceeding 10 ns Ϫ1 (Table 2) , which is rapid compared with the lifetime of the PEB excited state, o ϭ 2.7 ns. Thus, energy will rapidly migrate through the network of chromophores to the terminal acceptors.
The central ␤50͞␤61 chromophores have a separation of 12.4 Å with favorable stacking of their A pyrrole rings. It is possible that they possess a strong exciton interaction, which may alter their chromophoric properties. In contrast, the two ␤158 chromophores are the most isolated in terms of energy transfer. They only participate in one pairing with k et Ͼ 10 ns Ϫ1 , which is with their respective ␤50͞␤61 chromophores. Each ␣19 chromophore appears to be coupled with the ␤82 and ␤50͞␤61 chromophores from its opposite ␤ subunit, with the two ␤-chromophores coupled to each other.
DISCUSSION
The structure of PE 545 demonstrates the evolution of a functional protein complex based on the rearrangement of related elements (from phycobilisome PBPs) and the addition of new subunits that are unlikely to fold in isolation. As such, it is important to examine how the new arrangement alters the properties of the light-harvesting unit. PE 545 has several new features that include the contacting ␤50͞␤61 chromophore pair, the ␣ subunits with their DBV chromophores, and the inter-monomer slot. These may hold clues as to how the cryptophyte light-harvesting system operates.
The PE 545 dimer has been studied by biochemical and spectroscopic techniques (36) . The dimeric form was shown to be stable, requiring nonbiological conditions to produce the monomer. Dissociation into the monomer resulted in the reduction of the absorbance at 550 nm by approximately 20% and a drop in the positive and negative CD bands at 540 and 580 nm by about 1͞3. Two photon fluorescence lifetime measurements showed that monomerization resulted in the loss of the fastest lifetime measured (2.4 ps increasing to 40 ps in the monomer). The structure indicates that these changes are likely to be caused by the separation of the pair of ␤50͞␤61 chromophores, which is consistent with the proposal that the change in CD is the result of the disruption of a pair of chromophores that are exciton-coupled in the dimer (36) . However, the persistence of positive and negative CD bands in the monomer indicates that the chromophores within the monomer are also exciton-coupled, but this coupling is not immediately obvious from the structure. Combining these findings, it appears that the most significant advantage of the dimeric form is the presence of extremely rapid energy transfer between the two monomers, which is mediated by the pair of ␤50͞␤61 chromophores.
The ␣19 chromophore (DBV) is the most likely candidate for the final acceptor on PE 545. This arrangement is true for the most cryptophyte PBPs (21) with some exceptions (37) . The question remains as to how this energy then is transferred to the chlorophylls of the reaction center. Based on steadystate fluorescence measurements, it has been suggested that energy transfer is primarily to photosystem II (PSII) as in the phycobilisome (38, 39) . However, attempts to isolate and characterize a PE-PSII particle have not shown clear coupling between these components.
In the PE 545 structure reported here the large cavity containing bound water could be a site for interaction with a component of photosystem II (PSII) that protrudes into the thylakoid lumen. Possible candidates include the inner antennae of PSII, Cp43, and Cp47. However, the sequences of Cp43 (psbC) and Cp47 (psbB) for the cryptophyte, Guillardia theta, show no evidence of new features that might imply unique binding sites for PE (40) . Time-resolved fluorescence emission demonstrated that PE 565 in Cryptomonas CR1 transferred its energy, possibly via a 655-nm component, to chlorophyll 682, which was assigned to the intrinsic integral membrane lightharvesting complex (LHC) and subsequently to Cp43͞Cp47 
